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This study of DNA polymerase-beta in plants
investigates the physical characteristics of the polymerase,
its stability, purification procedures, and enzyme
activation and inhibition spectra. DNA polymerase-beta is
the enzyme responsible for the repair of the newly
synthesized daughter DNA strand.

The polymerase is

approximately 45 kilodaltons in its intact form. It was
isolated from the hypocotyl region of three- to four-day-old
etiolated soybeans and purified using Sephadex G-75 and
DEAE-cellulose columns.

Assays, specific for polymerase-

beta, were conducted to ascertain the location of the enzyme
and serve as a rough estimation of purification.

Following

column chromatography, the isolate was electrophoresed on
polyacrylamide gels, electroeluted, and reassayed.
Polymerase-beta was contained in the retained peaks from
both Sephadex G-75 and DEAE-cellulose columns. The molecular
weight of the enzyme was determined to be 45 kilodaltons (+

vii

5 kilodaltons).

Its activation and inhibition spectra were

similar to those previously determined for animal
polymerase-beta.

Therefore, since the structure of

polymerase-beta shows significant evolutionary

conservation

in both plant and animal species and given strong functional
correlations among species, polymerase-beta performs a vital
role in plants in the repair of newly synthesized DNA just
as it does in animal systems.

viii

Introduction
THE PARTIAL PURIFICATION AND CHARACTERIZATION OF DNA
POLYMERASE-BETA FROM ANIMAL AND PLANT CELLS
For the mechanisms and control of DNA replication to be
understood, the concerted action of numerous enzymes and
non-enzymatic factors must be elucidated.

Some of the most

crucial enzymes involved in the synthesis of daughter
strands of DNA are the DNA polymerases.

At present, five

DNA polymerases have been identified from eukaryotic cells.
These distinct enzymes, labeled polymerases -alpha, -beta,
-gamma, -delta and -epsilon, each have a specific role in
replication.

Polymerase-beta is unique in many respects

(Table 1.1), although

its role, structure, and mechanisms

in the process of DNA replication has not been extensively
examined in a variety of plant systems.
THE POLYMERASES AND THEIR ROLES IN DNA REPLICATION
Polymerase-beta has a low molecular weight, relative to
the other DNA polymerases.

Polymerases-alpha, -gamma,

-delta, and -epsilon have molecular weights of greater than
100 kilodaltons, whereas the size of polymerase-beta is only
about 40 kilodaltons.

Polymerase-beta is also unique in its

function in replication:

the enzyme repairs gaps in newly
1

2

Polymerase

-alpha

-beta

-gamma

-delta
(with
PIMCA)

-epsilon

Location

nucleus

nucleus

mitochondria

nucleus

nucleus

Function

lagging
strand
replication

repair

mitochondrial
replication

leading
strand
replication

repair

Processivity

100 nt* per
binding
event

1 nt per
binding
event

30 nt per
binding event

1000 nt per
binding
event

several
thousand
nt per
binding
event

150-300 kDa

170 kDa

270 kDa

30-50
kDa

Molecular
Weight

130-200
kDa

Subunits

4

none

3

2

?

6-8

3-4

7-9

?

11.1 (low
salt)
6.8 (high
salt)

acidic
(5.6-6.0)

basic
(9.0-9.4)

acidic
(5.4-6.1)

acidic
(5.4)

acidic

7.2

8.5

8.0

8.0

?

S-value

Isoelectric
point
Optimum pH

Table 1.1. Characteristics of the Five DNA Polymerases Isolated from
Animal Tissue. Processivity is described as the number of nucleotides added
before the polymerase dissociates from the template.
*nt=nucleotide
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synthesized strands by incorporating a single nucleotide
before dissociating from the primer.
Another characteristic of polymerase-beta is that it
does not possess exonuclease activity nor does it carry out
pyrophosphate exchange or pyrophosphorolysis as indicated
below:
Deoxynucleoside-P

+ A T P -> deoxynucleoside-P~P

Deoxynucleoside-P~P

+ ADP

+ATP - > d e o x y n u c l e o s i d e - P ~ P ~ P + A D P ;

Deoxynucleoside-P~P~P

+ growing p o l y n u c l e o t i d e

+ growing polynucleotide

chain

chain -> P~P

(+1).

Polymerase-alpha, in comparison, is significantly
larger.

The molecular weight of the purified enzyme is in

the range of 130 to 180 kilodaltons, depending on the source
of the isolated enzyme.

Of the five DNA polymerases,

polymerase-alpha is the most abundant in proliferating
tissues.

It functions in 5' to 3' replication, has no 3' to

5' exonuclease activity, and is unable to proofread errors
of incorporation.

In vitro, the processivity of this enzyme

is less than 100 nucleotides incorporated per enzyme binding
event, suggesting that -alpha is involved in lagging-strand
replication (Hohn and Gross 1987; Tan et al. 1987; Downey et
al. 1988) .
DNA polymerase-delta functions with polymerase-alpha in
the replication of nuclear DNA.

Polymerase-delta has a

large molecular weight of 170 daltons in its native form.

4

In the presence of proliferating cell nuclear antigen
(PCNA), the processivity of -delta in vitro is greater than
1000 nucleotides per binding event, suggesting its role in
leading-strand synthesis (Downey et al. 1988; So and Downey
1988).
Polymerase-gamma is the enzyme responsible for the
replication of the circular mitochondrial genomes in animals
and plants and the circular chloroplast genome in plants.
The molecular weight of the enzyme is generally reported as
about 187 kilodaltons, but the size of the enzyme in mouse
myeloma cells ranges upward from 230 kilodaltons (Matsukage
et al. 1975; Yamaguchi et al. 1980; Wernette et al. 1988).
The wide range of molecular weights that are reported
suggests

either great structural variability or

inconsistencies in purification.

Polymerase-gamma is

relatively efficient in replicating single-stranded DNA, a
requirement of a DNA polymerase suited for mitochondrial
genome replication.

Since mtDNA is asymmetric, synthesis of

the leading DNA strand occurs on a duplex template.
Lagging-strand replication occurs on the displaced parental
strand and involves the replication of the single-stranded
DNA template.

The processivity of polymerase-gamma in vitro

is approximately 30 nucleotides per binding event, prior to

5

the enzyme's pausing and dissociating from the template
(Wernette et al. 1988).
A fifth polymerase of over 200 kilodaltons, called
polymerase-epsilon, possesses 3' to 5' exonuclease
(proofreading) activity.

Because of similarities in

structure and activity, polymerase-epsilon was first thought
to be a variant of polymerase-delta.

Under this former

classification, one variant—polymerase-delta!—possessed
low processivity with long templates, but high processivity
in the presence of PCNA (Tan et al. 1986).

The other

variant--polymerase-deltaII--was highly processive in the
absence of PCNA.

This variant required low salt

concentrations and a poly(dA)• oligo(dT) template system.
In vitro, its processivity was reported as being several
thousand nucleotides per binding event in concentrations of
1 mM MgCl2.

Furthermore, -delta: was found to be involved in

DNA replication (Downey et al. 1988), whereas -delta^ was
implicated in DNA repair (Nishida et al. 1988), specifically
in a major portion of DNA repair induced by ultraviolet
irradiation.

Because of the dissimilarities of the two

forms, -delta^ is

now considered as a different polymerase

from -deltaj and is labeled polymerase-epsilon.

Researchers

(Syvaoja et al. 1990) have been able to purify both
polymerase-delta and polymerase-epsilon from the same HeLa
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extract.

The two enzymes had significant differences in the

partial peptide maps of their large subunits, as well as
differences in their respective inhibitor and activator
spectra (Syvaoja et al. 1990).

Currently, much work remains

in the characterization of polymerase-epsilon, and further
comparisons with polymerase-delta are necessary.
PURIFICATION OF DNA POLYMERASE-BETA FROM ANIMAL CELLS
Polymerase-beta was first isolated and purified to
homogeneity or to near-homogeneity from several animal
cells, beginning in the 1970s.

Animal sources of

polymerase-beta include calf thymus (Chang 1973), Xenopus
laevis ovaries (Joenje and Benbow 1978), human KB cells
(Wang et al. 1975), mouse myeloma cells (Tanabe et al. 1979)
guinea pig liver (Kunkel et al. 1978), rat hepatoma cells
(Stalker et al. 1976), and chick embryos (Stavrianopoulos et
al. 1972; Yamaguchi et al. 1980).
Despite the consistencies regarding both the form and
function of the isolated enzyme from the previously
mentioned animal cells, the purification of polymerase-beta
is by no means simple.

The purification process is

different from system to system, and a number of different
purification schemes have been successfully employed (Figure
1.1).

Tanabe et al. (1979) used a method to isolate

polymerase-beta from mouse myeloma cells that included the

Ammonium Sulfate
Precipitation

4Sephacryl S-2QG
Column

4ss/ds DNA Cellulose
Column

Figure 1.1. Generalized Scheme for Purification of DNA Polymerase-Beta from
Animals.
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following sequence all performed at 4°C: extraction and
high-speed centrifugation; chromatography of the soluble
protein fraction on DEAE-cellulose and phosphocellulose
columns, coupled in sequence; ammonium sulfate
precipitation; gel

filtration by Sephacryl G-200; and

fractionation on both double- and single-stranded DNAcellulose columns.

Polymerase-beta was isolated from chick

embryos using a different, more sophisticated process that
involved applying the soluble protein obtained from the
crude extract to a phosphocellulose column, followed by
ammonium sulfate precipitation (polymerase-alpha and -gamma
precipitated at 55 percent saturation, whereas the
polymerase-beta fraction was precipitated at 80 percent
saturation).

After dialysis, the polymerase-beta fraction

was applied to a DEAE-cellulose column where it fractionated
in the flow-through portion with incidental removal of
nucleic acids.

The -beta fraction was subsequently applied

to a second phosphocellulose column, eluting after the
addition of 0.33 M KC1.

Ammonium sulfate was added to this

fraction to a saturation of 80 percent, and the resuspended
precipitate was applied to a Sephadex G-150 column where it
eluted in the range of the marker for a molecular weight
40 kilodaltons.

of

From the Sephadex column, the fraction was

applied to others:

a third phosphocellulose column where it

eluted in a linear gradient at 0.4 6 M KC1; a Blue Agarose
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column, the enzyme eluting at 0.45 M KC1; and a final
single-stranded DNA-cellulose column (Yamaguchi et al.
1980).

In these latter procedures, researchers noted the

instability of the enzyme, commenting that its activity
could be conserved with special treatment, including low
ionic strengths and freezing at a temperature of -80° C in
the presence of 0.4 M-0.5 M KC1.
consideration the lability of

Thus even with

the enzyme, its activity was

conserved even after an array of

purification procedures.

The variations in isolation procedures described above
suggest that the procedure must be optimized for the system
from which the polymerase is being purified.

In general,

however, the purification scheme of polymerase-beta from
animal cells involves a few commonalities.

From the crude

protein, a soluble protein portion is obtained following
high-speed centrifugation.

This portion fractionates best

early in purification on ion exchange columns.

A single-

stranded DNA-cellulose column provides excellent
purification in later stages for polymerase-beta from animal
tissues.
CHARACTERIZATION OF ANIMAL POLYMERASE-BETA
A typical assay mixture for animal polymerase-beta
usually consists of a Tris-HCl buffer (pH 8.8), manganese
chloride (the cation preferred by polymerase-beta in the
presence of synthetic template), a stimulating salt (either
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KC1 or NaCl), bovine serum albumin and glycerol to promote
enzyme stability, a protease inhibitor or inhibitors, a
gapped template of either DNA-primed, RNA-template or
activated calf thymus DNA (Chagovetz et al. 1997; Prasad et
al, 1994), and a suitable radionucleotide for labeling
(Tables 1.2, 1.3).

Since polymerase-beta is extremely heat

sensitive, the temperature of the assay is crucial, the
optimal temperature being 37° C.

The enzyme is added to the

assay, and the assay mixture is incubated at times ranging
from 5-30 minutes, filtered, and the filters containing
enzyme are subjected to liquid scintillation analysis.
Specific activity calculations and purification data
indicate the success of the isolation procedure, and as
such, each purification stage is usually monitored by assay.
Inhibiting and Stimulating Agents.

The addition of

inhibiting agents to the polymerase-beta assay allows for
the enzyme to be characterized and the degree of
purification to be quantified.

Unfortunately, with the

exception of phosphate, inhibiting agents are usually not
specific to polymerase-beta (Table 1.4).

At concentrations

of 0.1 M, phosphate inhibits animal polymerase-beta.
does not, however, inhibit either -alpha or -gamma.
Phosphate, therefore, allows polymerase-beta to be
distinguished from polymerases -alpha and -gamma.

It
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50 mM Tris-HCI, pH 8.8
1mM DTT
0.5 mM MnCI2
40 mg/ml r(A)15
40 mg/ml d(T)15
0.1 mM 3[H]dTTP (60 cpm/pmol)
15% (v/v) glycerol
400 mg/mL BSA
100-200 mM KCI
1-2 mL enzyme
Final Volume=25 mL
Table 1.2. Components of a Typical Assay for DNA Polymerase-Beta in Animal
Tissue. Components were incubated at 37°C for 5-30 min. Radioactive product
was collected on DEAE-cellulose paper (DE81) disks (Yamaguchi et al. 1980).
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Polymerase

-alpha

-beta

-gamma

-delta

activated calf
thymus DNA

yes

yes

yes

yes

RNA

no

yes

yes

no

poly d(T).oligo r(A)

yes

no

yes

yes

poly d(A).oligo d(T)

yes

no

yes

yes

poly r(A).oligo d(T)

no

yes

yes

(low)

Table 1.3. DNA Polymerase Template Specificity. Designations indicate
whether the polymerase is able to utilize the specific template mentioned.
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-alpha

Polymerase
Inhibitor

-beta

-gamma

-delta

aphidicolin

yes

no

no

yes

salts-KCI, NaCI

yes

no
(stimulates)

no
(stimulates)

yes

N-ethylamaleimide
(NEM)

yes

no, usually

no

yes

ethidium bromide

yes

no

no

?

phosphate

no

yes

no
(stimulates)

no

dideoxy TTP

no

yes

yes

no

araCTP

yes

no*

yes, weakly

?

urea

yes

no

?

?

ethanol

yes

no

?

?

phosphonacetate

yes

no

?

?

butyl-dGTP

yes

no

no

no

acetoxyacetylamino
fluorene

yes

yes, weakly

yes

yes

heat
45°C for 10 min.

no

yes (70-100%)

yes

no

"with activated DNA template
Table 1.4. Inhibitors of Animal DNA Polymerases. Designations indicate inhibition
(yes) or lack of inhibition (no) in the polymerases' abilities to catalyze D N A
synthesis.
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Although not specific to polymerase-beta, other
inhibitors not specific to polymerase-beta are important in
general characterization since they can be employed to
eliminate the activities of other polymerases in an
unpurified preparation.

By using data from several assays,

a more nearly complete picture of the behavior of the
polymerase may be obtained.
Aphidicolin is perhaps the most widely used inhibitor
in polymerase studies.

In concentrations of 60 mM,

aphidicolin inhibited polymerases -alpha and -gamma and, to
some degree, polymerase-beta.

This agent directly

interferes with DNA replication.

Polymerases-alpha and -

gamma are most strikingly affected by competition of
aphidicolin for their binding sites on the DNA strand being
replicated because aphidicolin has the general conformation
of a nucleotide (Figure 1.2).

Although not inhibiting

either polymerases-beta or gamma, arabinosyl NTPs strongly
inhibit polymerase-alpha {KL

for -alpha = 2.8 mM) , but only

weakly affect -beta and -gamma (KL

for -beta = 13.3 mM) .

Butylanilinouracil and 0.2 M salt used together produce a
for alpha of 60 mM compared with no effect at concentrations
of up to 1 mM butylanilinouracil when introduced to
polymerase-beta assays.
Sulfhydryl reagents such a N-ethylamaleimide, pchloromercuribenzoate, and p-hydroxymercuribenzoate are not

OH

Figure 1.2. The Structure of Aphidicolin.
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as definitive in determining the identity of the enzyme
present in the assay.

Most animal systems show inhibition

of -alpha and -delta but not of -beta and -gamma.

This

inhibition is not without exception: polymerases-alpha and
-delta isolated from dogfish are not inhibited by NEM
(Phillippe and Chevaillier 1980).
however, is not inhibited:

Sea urchin -beta,

at 1 and 5 mM concentrations,

the activity levels were respectively reported at 127 per
cent and 110 per cent (Hobart and Infante 1978).
An array of agents also inhibit both -beta and -gamma
but have little or no effect on -alpha or -delta.
NTP's severely inhibit -beta and -gamma.

Dideoxy

With 2', 3'

dideoxythymidine 5'-triphosphate (ddTTP), -beta and -gamma
are almost completely blocked when the ratio of ddTTP's to
dTTP's is 0.5:5.0 (Edenberg et al. 1978).
Several other inhibitors or activators provide further
characterization of polymerase-beta and the other
polymerases.

Spermidine stimulates -beta, resulting in an

activity of 130 per cent and 175 per cent at 1.0 mM and 0.5
mM concentrations, respectively; also, 1.0 M urea does not
inhibit -beta but significantly inhibits -gamma, to name
only two examples.
Other Characterization Procedures.

Some studies have

used immunological reagents as a final step in
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characterization. These reagents provide further monoclonal
evidence as to the identity of the polymerase isolated,
since antibodies against a given polymerase are specific and
exclusive (Recupero et al. 1992).

The results using

monoclonal antibody prove ambiguous, however, if the domains
of different polymerases are evolutionarily conserved.
Antibody studies also allow comparison of similar
polymerases derived from a variety of sources. Late in the
purification process, polyacrylamide gel electrophoresis,
tryptic peptide mapping and isoelectric focusing allow an
excellent measure of the purity, the molecular weight, and
the isoelectric point of the enzyme being examined.
THE ISOLATION AND PURIFICATION OF POLYMERASE-BETA IN PLANTS
The isolation and purification of polymerase-beta in
plants has thus far proven to be much more difficult
than in animal models; in fact, research on plant
polymerases has lagged so far behind animal -beta that many
researchers still disagree about the existence of this
polymerase in plants.

Some have reported no detection

of polymerase-beta but have given little to no empirical
data to substantiate that claim (Chang 1976).

Also, a

variety of procedural inconsistencies in extraction and
assay methods sometimes result in the failure to detect
enzyme activity (Bryant and Dunham 1988) .

Others have

detected a low molecular weight, chromatin-bound polymerase
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that is similar to animal-beta in its insensitivity to
aphidicolin, stimulation by potassium chloride, and
inhibition by phosphate:

in pea (Stevens and Bryant 1978;

Chivers and Bryant 1983), in sugar beet (Tymonko and Dunham
1977), in soybean (D*Alessandro et al. 1980) and, most
conclusively, in wheat, although the polymerase is
identified by different nomenclature in this research
(Castroviejo et al. 1990) .
PROBLEMS WITH PROTEIN STABILITY
The difficulties in isolation and purification may well
be the most serious barrier to research on this plant
polymerase.

Many note that a -beta-like enzyme is isolated

in plants only after the addition of the protease
inhibitors—amino-acetonitrile, leupeptin, aprotinin, and
sodium metabisulphite—early in the purification process.
Protease activity is a major factor in enzyme instability
and must be eliminated before isolating the protein and
determining the degree of purification.

Studies on

mammalian polymerase-beta by crystallography (Davies et al.
1994; Shirakihara et al. 1994; and Sawaya et al. 1997; Liu
et al. 1996), circular dichroism analysis, protease domain
mapping (Kumar et al. 1990), and NMR spectroscopy (Liu et
al. 1996) indicate that polymerase-beta is a tightly folded
beta sheet structure with two domains that are separated by
a hinge-like region (Figure 1.3, 1.4).

In this situation,

19

NHS

COOH

<>
8 KDa

l

31 KDa

u

catalytic domain

Figure 1.3. Catalytic Domain of Animal DNA Polymerase-Beta (adapted from
Kumar et al. 1990). The protease sensitive region is indicated by the arrow.
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Figure 1.4. Ribbon Diagram of DNA Polymerase-Beta. Finger regions are
indicated in dark blue on the left and green on the right. The palm is shown in
between. Upon binding with DNA in the upper palm portion, the finger regions
fold around the molecule (adapted from the DNA polymerase-beta web site at
http://www.bmb.psu.edu/597a/students/swg5/beta.html).
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the N-terminal portion has single-stranded binding activity,
whereas the C-terminal domain does not (Casas-Finet et al.
1992).

Neither domain has significant polymerizing ability

when assayed separately, although evidence suggests that the
31 a-kilodolton region at the C-terminal portion is the
primary area of catalytic activity in the intact polymerase
(Kumar et al. 1990; Menge et al. 1995).

The polymerase

undergoes significant conformational changes during
catalysis (Zhong et al. 1997).

Under appropriate conditions

the 31-kilodalton portion is able to conduct DNA synthesis,
although much less efficiently and with different primer
extension properties from the intact enzyme.
INHIBITORY AND STIMULATORY AGENTS
Even with the elimination of the many possible
purification problems, the isolation of a low molecular
weight polymerase in plants remains a difficult
proposition.

It is assumed that inhibitors of animal

polymerases inhibit plant polymerases in an identical or
similar manner.
merited.

That assumption may not be completely

One primary inhibitor NEM (and perhaps the entire

group of sulfhydryl inhibitors) produces mixed results in
animals and in plants, some plant researchers record little
inhibition using NEM;

others report significant inhibition

(Litvak and Castroviejo 1987).

If evolutionary forces have
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produced differentially reactive areas in plant and animal
enzymes, using inhibitors such as NEM necessitates careful
interpretation of data.

Only a preponderance of evidence

from a wide variety of inhibition studies can provide
guidelines for classification of the polymerase, and
unfortunately such studies are only rudimentary at present.
THE PROBLEM OF SIMILARLY SIZED SUBUNITS
In any attempt to characterize polymerase-beta

in

either plants or animals, one problem has received little
attention.

Active enzyme subunits from the other, larger

polymerases

potentially might pose the most significant

obstacle to successful characterization and might also allow
inaccurate characterizations with some polymerases.
While polymerase-beta consists of one polypeptide
exhibiting catalytic properties, this is not the case with
the other characterized polymerases.

Although it is known

that -alpha, -gamma, and -delta each possess catalytically
active subunits, there is disagreement about the exact sizes
of these subunits as well as conditions under which they are
observed including their relative individual stabilities.
Of more significance is the fact that characterization of
the inhibitory and stimulatory agents and processivity of
these subunits is completely lacking.

The assumption that
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active subunits behave as does the enzyme in toto has not
been sufficiently researched.
Polymerase-alpha is prone to proteolysis with resulting
fragments remaining active.

The intact enzyme has a

molecular weight of about 180

kilodaltons, but subunits

exhibiting some activity from 140 to 1.50 kilodaltons, from
100 to 110 kilodaltons, from 75 to 80 kilodaltons and from
40 to 50 kilodaltons are obtain easily (Bryant and Dunham
1988).

The 40 to 50 kilodalton subunit of polymerase-alpha

is of similar weight to polymerase-beta.

If the polymerase-

alpha subunit is active under polymerase-beta assay
conditions, further purification procedures and stringent
assay conditions are essential.
Polymerase-delta exhibits catalytic subunits

of 170,

120 and 50 to 70 kilodaltons when immunoblots and activity
stains are performed.

Even in the presence of protease

inhibitors, some endogenous calcium-dependent, protease
activity is present, causing a breakdown of the polypeptide
and in the presence of 5 mM calcium ion, a resulting 58
kilodalton species (Lee 1980).
Polymerase-gamma also has subunits.

In Drosophilar

polymerase-gamma is a heterodimer composed of a 125
kilodalton catalytic subunit and a 35 kilodalton subunit of
unknown function (Wernette et al. 1988).

Studies on porcine
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liver polymerase-gainma show four polypeptides that cosediment in a glycerol gradient.

These polypeptides contain

both polymerase and exonuclease activity and are of
molecular weights of 120, 55, 50 and 45 kilodaltons (Kunkel
and Mosbaugh 1989) .
Whatever the exact size of the subunits of the larger
molecular weight polymerases, the problem of confusing a
similarly behaving subunit of one of these other polymerases
to the low molecular weight polymerase-beta must be
carefully considered, and characterization procedures must
be unequivocal.
DIRECTIONS FOR FURTHER STUDY
The problems with plant polymerase-beta well illustrate
the necessity of the careful consideration of procedures and
the careful analysis of data.

Once the problem of enzyme

stability is overcome, not an insignificant feat in and of
itself, many more difficult questions remain.

Among them

are the ambiguities of using inhibitory and stimulatory
agents to identify specific enzymes, the similarly-sized
subunits of the other polymerases that potentially could
cause misidentification of components or inadequate
purification, and the catalytic behavior of the holoenzyme
as distinct from the partially degraded enzyme.

This study

of DNA polymerase-beta in plants investigates the physical
characteristics of the polymerase, its stability,
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purification procedures, and enzyme activation and
inhibition spectra.

Materials and Methods
PLANT MATERIALS
Soybean seeds (Glycine maxf variety SB 4000) were
purchased from Steward Seed Company, Greensburg, Indiana.
Three liters of seeds were washed several times in tepid
water and soaked for 4-5 hours.

Partially germinated seeds

were spread on moistened vermiculite in 12" x 24" plastic,
non-drain flats and lightly covered with plastic.

Maneb

fungicide (purchased locally) was added to water as per
manufacturers' directions, and the flats were thoroughly
watered.

The flats were then covered with an inverted empty

flat of the same dimensions, and these were placed under
black, opaque plastic in the laboratory for germination to
minimize exposure to light.
The seeds were allowed to germinate and grow for 4-5
days and were checked daily and watered as needed.
Fungicide was added with each watering.
Unless otherwise noted all chemical supplies were
purchased from Sigma Chemical Company, St. Louis, Missouri.

26

27

METHODS
ENZYME ISOLATION
Isolation of soybean nuclei was accomplished by the
method described in Dunham and Bryant (1986).

Two to three

centimeters of the hypocotyl hook region of the etiolated
soybean seedlings were harvested and placed in ice-cold
deionized water. The hypocot'yls were blotted dry, weighed,
and placed in ice-cold homogenization buffer that consisted
of 50 mM Tris-HCl, pH 8.0; 600 mM sucrose; 5 mM MgCl2; 10 mM
2-mercaptoethanol (2-ME); and 0.4 mM phenylmethyl-sulfonyl
fluoride (PMSF) in a ratio of 2 ml/gram fresh weight of
plant tissue.

A minimum of approximately 1 kilogram of

tissue was needed for the entire purification process.
Following the addition of 3 drops of antifoam agent, the
tissue was homogenized in a Sorvall omnimixer for 30 seconds
at setting 3 and then for 30 seconds at setting 5.
Homogenized tissue was filtered through two layers of
prewetted, chilled miracloth (Calbiochem).
The filtrate was centrifuged at 960 x g (Beckman JA
rotor) for 20 minutes at 4°C.

Supernatant containing the

cytoplasmic materials was discarded, and the nuclear pellet
was resuspended in 8 ml of solubilization buffer containing
40 mM Tris-HCl, pH 8.0; 1.5 mM (NH4)2S04; 5 mM 2-ME;

0.02 mM

MgCl2; and 0.4 mM PMSF.
After being stirred on ice for 2 hours, the resuspended
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pellet was transferred to chilled centrifuge tubes and
centrifuged at 10,000 x g for 20 minutes at 4°C.

The

supernatant, containing nuclear materials, was immediately
decanted, placed on ice, and employed as a source of enzyme.
COLUMN CHROMATOGRAPHY
Sephadex G-75 Chromatography.
added to a freshly prepared

The supernatant was then

2 cm x 23 cm Sephadex G-75

column (10 ml void volume) and washed at 4°C in
equilibration buffer containing 100 mM Tris-HCl, pH 8.0; 5
mM 2-ME; 2 5 per cent glycerol; and 0.4 mM PMSF.

Column

fractions in 60 drop increments were monitored for protein
content using a Gilford-Response Spectrophotometer at 280
nm.

Additionally, all fractions were later assayed as

described below

to determine which

polymerase-beta activity.

contained enzyme with

Fractions containing DNA

polymerase-beta activity were pooled for further
purification.
Anion Exchange Chromatography.

Diethylaminoethyl-

cellulose (DEAE) resin was prepared following the standard
protocol as described in the accompanying Sigma literature.
Following equilibration with 2X equilibration buffer (buffer
containing twice the concentrations of the chemicals given
above), the pH of the resin was titrated to 8.0, as required
for polymerase-beta.

A DEAE-cellulose column (3 cm x 13.5
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cm, 39 ml void volume) was poured and equilibrated using
equilibration buffer at 4 °C.

New columns were poured after

two to three uses or if otherwise indicated.
Pooled enzyme preparations in equilibration buffer were
added to the DEAE-cellulose column at a flow rate of
approximately 1 ml/minute.

The 60-drop fractions were

monitored on the Gilford Response Spectrophotometer at 280
nm.

The column was washed with equilibration buffer until

A280 was minimal or nonexistent.

Bound proteins were eluted

in a linear gradient of 0-1.0 M KC1 in equilibration buffer
until

minimal or no protein was detected at 280 nm.

Protein aliquots were selected across the column profile,
and protein concentrations were determined
described below).

(Bio-Rad assay,

Tubes with maximal protein levels were

pooled and labeled by order of elution. The salt eluted
fractions were desalted at 4°C using protein concentrators
from Amicron (described below).

Fractions were assayed for

enzyme activity and stored at -70°C for polyacrylamide gel
electrophoresis.
PROTEIN DETERMINATIONS
Initially, fractions for the Sephadex G-75 and DEAEcellulose were assayed for protein by using 280/260 nm
spectrophotometric analysis.

Profile readings from column

elutants were read against an equilibration buffer control.
More precise determination of protein concentrations
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were by Bio-Rad Protein Assay, a dye-binding assay that
differentiates color changes of an acidic Coomassie
Brilliant Blue G-250 in response to various concentrations
of protein bound to the dye (Bradford 1976).

Protein

determinations were at 595 nm as per instructions.
ASSAY PROCEDURES
ASSAYS FOR DNA POLYMERASE-BETA
DNA Polymerase-beta activity was assayed using the
following procedure.

For each of the fractions from the

Sephadex G-75 column to be assayed, the following solutions
were mixed as noted in Table 2.1.

An assay mixture of 5 |j,l

of the first four components listed were vortexed together,
and 20 fil were aliquoted to each reaction tube.

Five

microliters of poly(A)-dT15 (2.5mg/ml template primer) and
1.0 microliter of [3H]dTP, specific activity 1 (iCi/ml
were added to each tube.
added per reaction.

Four microliters of diH20 was

The total volume of reactants before

addition of the enzyme was 30 j_il.
The reaction tubes were placed in a heated shaking
water bath set at 37°C, and 20 (4.1 of enzyme were added to
each tube to initiate the reaction.

The reaction was

allowed to proceed for 10 minutes at 37°C and then stopped
with the addition of 75 (j,l of killing reagent consisting of
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Stock Solutions
1) 400 mM Tris-HCl, pH 7.6
10 mM Dithiothreitol (DTT)
100 |iM Ethylenediaminetetra-Acetic
Acid (EDTA)

Volumes (jiL) in Assay
5

2) 500 mM NaCI
10 % Glycerol

5

3) 1 mg/mL Bovine Serum Albumin
(BSA)

5

4) 5 mM MnCI2

5

5) 2.5 |j.g/mL poly (A) dT15

5

6) [3H]dTTP (1|iCi/ml)

1

Enzyme

30

Killing Reagent
40 mM pyrophosphate tetrasodium
in 10 % trichloroacetic acid

75

Total Volume

131

Table 2.1. Assay Components for Polymerase-Beta in Plants Using Synthetic
RNA-Primed DNA Template.
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40 mM pyrophosphate tetrasodium and 10 per cent
trichloroacetic acid (TCA) to which 1 mg/ml whale sperm DNA
was added as a carrier.

Reaction tubes were placed on ice

for 30 minutes before filtering.
An alternative assay using activated calf thymus DNA
was also used in early stages of the research.

The

components and amounts of this assay are listed in Table
2.2.

The assays were, otherwise, conducted according to the

procedure described above.

Distilled water was substituted

for poly(A).dT15

In the controls for all assays,

template.

the procedures and amounts of reactants remained identical.
COMPARATIVE ASSAYS
Kinetic studies using poly(A).dT15

and the assay

specific to polymerase-beta were additionally conducted,
following the procedures described above.

Zero time

controls were mixed, and the enzyme and killing reagent were
added simultaneously.
As a measure of the effectiveness of the purification
procedures for polymerase-beta, assays for the presence of
DNA polymerases-alpha, -gamma, and -delta were conducted
after the initial isolation and purification procedures were
delineated.

Assays for polymerases-alpha and -gamma (Table

2.3, 2.4) each contained solutions suitable for the
detection of the enzyme or active enzyme subunits.

Solution

Amount (p.l) in Assay

1) 300 mM Tris-HCl, pH 7.6
10 mM DTT
100mM EDTA

5

2) 300 mM MnCI2
500 mM NaCI
10 % Glycerol

1

3) 50 mM dATP

4

4) 50 mM dCTP

4

5) 50 mM dGTP

4

6) 3 [H]dTTP (1|iCi/ml)

1

7) Activated Calf Thymus DNA

5

8) diH 2 0

6

9) Enzyme

20

10) Killing Reagent
40 mM pyrophosphate
tetrasodium in 10% TCA

75

Total Volume

125

Table 2.2. Alternative Assay for DNA Polymerase-Beta in Plants Using
Activated Calf Thymus DNA.
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Solution
1) 100 mM Tris-HCl, pH 7.8
7.3 mM BME
2) 1 M MgCI2

Amount (|al) in Assay
3
0.75

3) 0.17 mM dATP

3

4) 0.17 mM dCTP

3

5) 0.17 mM dGTP

3

6) 0.83 mM dTTP

3

7)

1 mg/ 600 ml Activated Calf Thymus
DNA

8) 3[H]dTTP (1jiCi/ml)
9) diH 2 0

3.6
0.5
10.15

10) Enzyme

20

11) Killing Reagent
40 mM pyrophosphate tetrasodium in
10% TCA

75

Total Volume

125

Table 2.3. Assay Solutions for DNA Polymerase-Alpha in Plants.
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Solution

Amount (jxl) in Assay

1) 166.7 mM Tris-HCl, pH 7.8
500 mM KCI

12

2) 50 mM MnCI2

1.5

3) 16.7 mM DTT

3

4) Poly d(A).dT10

1.5

5) 1 mg/ml BSA

4.5

6) 3[H]dTTP (1jiCi/ml)

0.5

7) diH 2 0

7.0

8) Enzyme

20

9) Killing Reagent
40 mM pyrophosphate
tetrasodium in 10% TCA

75

Total Volume

125

Table 2.4. Assay Components for DNA Polymerase-Gamma in Plants.
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Polymerase-alpha and -gamma assays were conducted at pH 7.9,
optimal for these enzymes or enzyme subunits, as opposed to
pH 7.6 for polymerase-beta.

Polymerase-alpha assays used

activated calf thymus DNA as a template.

Other conditions

were identical to the assays for polymerase-beta activity
including controls.
DETERMINATION OF SPECIFIC ACTIVITY
PREPARATIONS FOR SCINTILLATION ANALYSIS
Following the addition of killing reagent, the reaction
samples were placed on ice for thirty minutes before they
were filtered.

To each chilled sample, 500 (j.1 of diH20

containing lmg/ml bovine serum albumin (BSA) was added.

A

scintillation cocktail containing 6 grams of 2.5-bis[5'tert-butyl-benz-oxazolyl-2']thiopene

(BBOT) per liter of

scintillation-grade toluene was prepared.
filters (2.5 cm diameter), presoaked in an

Whatman GF/A
ice-cold five-

per cent solution of TCA, were positioned on a ten-port
selectron vacuum apparatus (Schleicher and Schuell), and
samples were pipetted onto the filters. Assay tubes were
rinsed with an additional 2.0 ml of ice-cold five per cent
TCA.

Wet filters were dried under a hood using an infrared

heat lamp for one hour.
Thoroughly dried filters were placed in the bottom of
scintillation vials, and 10 ml of the cocktail were added to
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each vial.

Reactivity was monitored using a Packard 1500

Tri-Carb Scintillation Counter.

An internal quench curve

was produced from purchased standards, and a 10 ml vial
containing BBOT served as a control and as measure of
background.
INTERPRETATION OF SCINTILLATION DATA
A unit of DNA polymerase activity is defined as the
picomoles of [3H]-dTMP incorporated per time, in this case
per 30 minutes at 37°C.

Specific activity of the enzyme

is

measured as the activity of the enzyme per milligram of
enzyme protein.
INHIBITION STUDIES
Inhibition studies were conducted on active protein
fractions eluted from DEAE-cellulose columns.

Enzyme assays

followed the procedure described earlier except that the
inhibitors were substituted for the deionized water.
Inhibitors studied included 40 mM N-ethylamaleimide (NEM),
50 and 100 mM aphidicolin, and 150 and 300 mM KC1.

An assay

of temperature sensitivity for protein lability was also
conducted by timed incubation of the reactants plus the
enzyme at 37°C and 45°C.
PROTEIN CONCENTRATION
Protein aliquots with enzyme activity suggestive of DNA
polymerase-beta from column purification were concentrated
using Amicron ultrafiltration concentrators with a molecular
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cut-off of 10 kDa. This step was necessary to have
sufficient protein concentrations to run polyacrylamide
gels. Protein fractions not containing
activity

polymerase-beta

were also concentrated in this manner for

comparison.

Resulting concentrates of 0.5 ml volume were

labeled and stored at 4°C.
Electrophoretic Analysis
Discontinuous polyacrylamide gels consisting of a lower
resolving gel and an upper stacking gel as described by
Laemmli (1970) were used to estimate the molecular weight of
the enzyme.

Both denaturing and non-denaturing gels were

run so that subunit structure, if any, could be ascertained.
Non-denaturing gels were included as the final step in
enzyme purification.
Gel compositions were derived from a mixture of three
stock solutions: Stock A, Stock R, and Stock S. Stock A, the
acrylamide/bis-acrylamide, solution contained 29.2 per cent
(w/v)acrylamide and 0.8 per cent bis-acrylamide

(w/v) in

deionized H20, yielding a 30 per cent (w/v) acrylamide/bisacrylamide stock.

Stock R, the resolving buffer, contained

a 1.5 M Tris-HCl solution at pH 8.8.

Stock S, stacking

buffer, contained a 1.0 M Tris-HCl solution at pH 6.8.
Denaturing running gels were 12.5 per cent as described in
Table 2.5 for a total volume of 30 ml.

Non-denaturing gels
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Stock

10%

12.5%

14%

15%

17.5%

20%

30% A/B*

10

12.5

14

15

17.5

20

1.5 M Tris,
pH 8.8

7.5

7.5

7.5

7.5

7.5

7.5

20% SDS

0.15

0.15

0.15

0.15

0.15

0.15

diH 2 0

12.2

9.7

8.2

7.2

4.7

2.2

10% APS

0.15

0.15

0.15

0.15

0.15

0.15

TEMED

0.03

0.03

0.03

0.03

0.03

0.03

2-ME

0.042

0.042

0.042

0.042

0.042

0.042

Table 2.5. Stock Solutions for Laemmli Running Gels (Laemmli 1970).
Reactant amounts are listed in milliliters. Total volume is 30 ml. (*A=29.2%
Acrylamide; B=0.8%Bisacrylamide)
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had deionized, distilled water substituted for 2-ME and
sodium dodecyl sulfate (SDS) of the denaturing gels.
Stacking gels were 3 per cent (w/v) acrylamide(Table 2.6),
total volume 15 ml.

Non-denaturing stacking gels also had

2-ME and SDS omitted.
All gels were cast using a vertical minigel unit
(Hoefer Mighty Small SE250/280).
with a

ten-well capacity.

molecular markers.

The gels were 8 cm x 10 cm

The center well was reserved for

Electrophoresis buffer, which was kept

ice-cold for non-denaturing gels, was replaced before
loading.

Electrophoresis buffer contained 0.025 mM Tris-

HCl, pH 8.3 for denaturing gels and pH 8.0 for nondenaturing gels; 0.192 M glycine; and
denaturing gels.

1 per cent SDS for

The dye agent that was used to load

protein samples contained 40 per cent glycerol and 0.001 per
cent bromphenyl blue with 100 mM Tris-HCl, pH 8.0, and 5 mM
2-ME.

Samples run in denaturing gels were placed in a hot-

water bath at 100°C for 5 minutes.

Gels were run at 40 mA

in both types of gels until the dye band reached the bottom
of the gel plate.
previously at 4°C.

Non-denaturing gels were run as mentioned
Electrophoresis buffer was pumped

through the gel apparatus in non-denaturing gels to prevent
overheating and acidification of the gels.

Non-denatured

marker proteins were used in these gels, which were sliced
in half at the marker band.

The gel portion with the
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Stock

3%

4.5%

6%

30% A/B*

1.5

2.25

2.25

1.5 M Tris, pH 8.8

3.75

3.75

3.75

20% SDS

0.075

0.075

0.075

diH 2 0

9.6

8.9

8.1

10% APS

0.075

0.075

0.075

TEMED

0.02

0.02

0.02

2-ME

0.014

0.014

0.014

Table 2.6. Stock Solutions for Laemmli Stacking Gels (Laemmli 1970).
Reactant amounts are listed in milliliters. The total volume is 15 ml.
(*A=29.2% Acrylamide; B=0.8% Bisacrylamide)
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markers was stained.

The gel portion containing protein

samples only was briefly stored at 4°C

in electrophoresis

buffer until electroelution was conducted.
GEL STAINING
SDS-containing polyacrylamide gels and the half of the
non-denatured gels with markers were fixed and stained using
Bio-Rad Silver Stain, a 10-

to 15-fold more sensitive stain

than Coomassie Brilliant Blue R-250.

The silver staining

process involved fixing the gels with three solutions.

The

first fixative solution contained 40 per cent methanol and
10 per cent acetic acid (v/v).
solution for 30 minutes.

Gels were shaken in this

The second and third fixatives

consisted of 10 percent ethanol and 5 per cent acetic acid
(v/v).

Fixative was changed after fifteen minutes for a

total of 30 minutes.
were placed in

Following the fixing process, the gels

freshly prepared Bio-Rad oxidizer containing

potassium dichromate and nitric acid in the ratio of 20 ml
oxidizer concentrate to 180 ml of distilled, deionized
water.
minutes.

The oxidation step was allowed to proceed for 5
The gel was rinsed with distilled, deionized water

until the color of the gel changed from yellow to clear.
Improper rinsing of gels produced an overall dark and cloudy
appearance.

The freshly prepared silver reagent, composed

of 20 ml of silver reagent concentrate containing silver
nitrate and 180 ml of distilled, deionized water, was gently
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poured over the gels to cover them completely, and the gels
were shaken gently for 20 minutes.

A brief distilled,

deionized water rinse to remove excess silver was followed
by covering the gels with developer containing sodium
carbonate and paraformaldehyde, which was prepared by
dissolving 32 grams of developer concentrate per one liter
of distilled, deionized water.

The developer was changed

often as soon as a smoky precipitate appeared.

The

developing process was stopped after band resolution with 5
per cent acetic acid (v/v).
ELECTROELUTION OF PROTEIN BANDS
Following the silver staining of one half of the nondenaturing gel, the half containing the markers and the
protein samples was aligned with the non-stained half.
Cross sections of the protein bands were excised, and the
proteins were electroeluted using a Bio-Rad Electroeluter.
Proteins were eluted at 4°C under a current strength of 10
mA/tube for approximately one hour using the electrophoresis
buffer described earlier.
Preparing and assembling the electroeluter were as
follows.

Membrane caps were soaked at 60°C in

electrophoresis buffer for at least one hour prior to use.
A pre-wetted membrane cap was placed at the bottom of each
silicone adapter.

The adapters were filled with ice-cold

buffer, and air bubbles were removed from the cap area.

A
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frit was inserted into the bottom of each glass tube. The
silicone adapter was secured in place at the bottom of the
glass tube.

Air bubbles were again removed to ensure

optimum elution results.

The assembled glass tubes with the

membranes were inserted into the grommet of the
electroeluter until the tops were even with the grommet.
Each tube was filled with cold electrophoresis buffer,
and the gel cross sections were inserted one per tube.

The

entire apparatus was placed in the buffer chamber containing
600 ml of cold buffer, the lower buffer level being above
the top of the silicone adapters.

A magnetic stirring bar

was placed in the lower chamber. The upper buffer chamber
was filled with 100 ml of cold buffer, and the unit was
placed on a magnetic stirrer, which provided vigorous
stirring and the prevention of bubbles from forming at the
bottom of the membrane caps.

The electroelution was

conducted at 4°C.
After the elution was complete, the silicone adapters
were removed so as not to disturb the frit at the bottom of
the glass tube.

Eluted proteins were removed from the glass

tube and area above the dialysis membrane, and the membranes
were washed separately.

Elutants and pooled washes were

labeled and assayed for protein content and enzyme activity
as previously described.

Results
PURIFICATION OF DNA POLYMERASE-BETA
Approximately one kilogram of the hypocotyl hook region
from five-day-old etiolated soybean seedlings was
homogenized, filtered and centrifuged as described in the
methods section.
SEPHADEX G-75 COLUMN
Five to eight grams of supernatant containing soluble
nuclear components were added to a freshly prepared 2 cm x
23 cm Sephadex G-75 column with a void volume of 10 ml.

The

column retained nuclear components of a molecular weight of
75 kDa and lower which were eluted after the large excluded
peak containing soluble components with a molecular weight
greater than 75 kDa (Figure 3.1).

Aliquots taken from along

the column profile were employed to determine protein
concentration and polymerase-beta activity.
Polymerase-beta activity consistently appeared in the
retained portion, Peak II, from the column, the highest
enzyme activity lagging slightly behind the highest
concentrations of protein eluted from this retained peak.
Levels of polymerase-beta activity averaged 32 x 103 dpm for
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Figure 3.1. Sephadex G-75 column profile. Eight ml of soluble nuclear material
from soybean extracts were added to a column with the dimensions of 2 x 23 cm
and a void volume of 10 ml. Sixty-drop fractions were monitored for proteins at
280 nm. DNA polymerase activity, indicated by the broken line, is a measure of
the amount of 3[H]-dTMP incorporated into the newly synthesized strand of
DNA. Polymerase-beta is eluted in the retained portion. Graphs indicate
smoothed data with x and + indicating actual data points of Sephadex G-75 and
dpm readings respectively.
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peak II compared with 9.4 x 103 dpm for large molecular
weight polymerases in Peak I.
Fractions 11 through 14 from the retained peak with the
highest levels of protein activity were pooled and stored
briefly on ice or overnight at -70°C, the temperature
necessary for optimal preservation of enzyme activity.
COMPARATIVE ASSAYS FOR POLYMERASE ACTIVITY
Assays were conducted to ascertain the presence of
possible contamination of the peak containing DNA
polymerase-beta activity by other DNA polymerases or by
their active subunits. Polymerase-beta assays, as mentioned
previously, are conducted at pH 7.6 using the preferred
cation manganese and a synthetic template-primer system with
gapped, RNA-primed DNA.

Polymerase-alpha assays were done

at pH 7.8 and used activated calf thymus DNA as a template
in the presence of the magnesium cation.

Polymerase-gamma

assays were also conducted at pH 7.8 but utilized manganese
and gapped, synthetic DNA-primed DNA template.

Each

reaction progressed for 10 minutes at 37°C before it was
terminated by the addition of a solution containing
tetrasodium pyrophosphate and TCA.
Results showed that the peak containing large molecular
weight proteins possessed enzymes capable of DNA
polymerization under the three assay conditions, thus
indicating a mixture of polymerases or active subunits in
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peak one from Sephadex G-75.

The retained protein, however,

showed significant activity only in conditions utilizing the
RNA-primed DNA template as described in the polymerase-beta
assay protocol.

Therefore,

the first peak was eliminated

as a source of polymerase-beta to be used for further
purification.

The second peak contains active polymerase-

beta .
PURIFICATION BY DEAE-CELLULOSE COLUMN
As a second step in the purification process, a DEAEcellulose column was used.

The DEAE-cellulose column

(Figure 3.2) produced a series of weakly defined flowthrough peaks, referred to collectively as Peak I (fractions
10-40), and
60).

a large retained peak, Peak II (fractions 50-

DNA polymerase-beta was found to be located in the

retained portion from the DEAE-cellulose column, which was
eluted by a linear gradient of KC1. Assays were performed
following desalting and concentration.
CHARACTERIZATION BY INHIBITION STUDY
Several inhibitors were utilized in order to further
substantiate the identity of the polymerases present in
peaks I and II from the DEAE-cellulose column (Table 3.1).
Aphidicolin, a potent inhibitor of polymerases-alpha
and -gamma, inhibited enzyme activity in the first peak by
84 per cent at concentrations of 50 mM and 78 per cent at
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Figure 3.2.

Column Profile from DEAE-Cellulose Column. Enzyme activity, as

indicated by the broken line, is a measure of 3[H]-dTMP incorporated into the
newly synthesized strand. Information in indicated as smoothed data. Actual
data points are indicated as x and + for DEAE-Cellulose and dpm data
respectively. Column dimensions were 3 cm x 13.5 cm with a void volume of 39
ml. Fractions were collected in 60-drop increments.
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Treatment

Peak I

Peak II

34.8

11.0

50 nM

5.5 (-84%)

14.1 (+27%)

100 nM

7.7 (-78%)

18.9 (+72%)

150 mM

26.9 (-23%)

18.5 (+68%)

300 mM

20.5 (-41%)

18.5 (+68%)

Control
Aphidicolin

KCI

Table 3.1. Inhibition/Activation Studies Conducted on Protein Peaks from
DEAE-Cellulose Column.
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concentrations of 100 mM.

These findings indicate that the

enzyme activity in the first peak

was not polymerase-beta

but was probably, given size restrictions after Sephadex G75, one or more active subunits of polymerase-alpha or
polymerase-gamma, possibly present because of overloading
the column.

Enzymes contained in Peak II were consistent

with DNA polymerase-beta and showed no inhibition by
aphidicolin at either concentration.
Potassium chloride is a known stimulating agent for
polymerase-beta, although it inhibits other polymerases.
Potassium chloride stimulated the activity of the enzyme in
Peak II.

It significantly inhibited enzyme activity in Peak

I at concentrations of both 150 mM and 300 mM.
Studies using NEM showed that concentrations of 40 mM
inhibited the activity of the enzyme in Peak II by 10.5 per
cent.

This finding, however, cannot be viewed as conclusive

for identifying polymerase-beta since previous published
research results indicate that isolates from different
animal systems react differently to this compound, and it is
logical to assume plant isolates could also respond
ambiguously.
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TEMPERATURE SENSITIVITY
Polymerase-beta is noted as being extremely sensitive
to denaturation by increased temperatures.

Comparative

assays were conducted to ascertain heat lability of the
enzyme contained in DEAE-cellulose Peaks I and II.

Although

both peaks were shown to have decreased function after being
exposed to assays with increased temperatures, the second
peak showed the most striking decrease in activity.

Peak II

was inhibited by 78 per cent in assays at 45°C for 8 minutes
compared with the temperature of the experimental protocol,
37°C.
PURIFICATION AND CHARACTERIZATION BY POLYACRYLAMIDE GEL
ELECTROPHORESIS
SDS-PAGE
To determine the degree of purification using Sephadex
G-75 and DEAE-cellulose columns, polyacrylamide gel
electrophoresis was used. Multiple protein bands, including
several bands at or near the assumed molecular weight of DNA
polymerase-beta, were present on the 12.5 per cent gel, run
at 30 mA for approximately 45 minutes (Figure 3.3).
most likely candidates were at about 43 kDa.

The
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Figure 3.3. SDS-Polyacrylamide Gel Electrophoresis. Lanes contain duplicate
loadings of enzyme preparation after DEAE-Cellulose chromatography and
concentration with Amicon filters. The gel was 12.5 per cent acrylamide.
Samples contained 15 microliters of enzyme with 5 microliters of loading buffer.
The gel was run at 30 mA for 45 minutes. Marginal numbers indicate
approximate molecular weights as indicated my markers (non shown) run with
samples. The arrow shows the band containing polymerase-beta.
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NON-DENATURING PAGE
Non-denaturing gels consisted of polyacrylamide gels
without SDS, run with circulating buffer at temperatures of
4°C.

The non-denaturing gels showed the presence of several

species of proteins in the range of 43-55 kDa.

Several

bands were excised from the gel and the proteins
electroeluted for two hours at 18 mA with circulating buffer
at 4°C (Figure 3.4).

These bands were located at

approximately 55 kDa, 45 kDa, and 36 kDa.
Protein from each band was assayed to determine the
presence of DNA polymerase-beta.

Bands at 55 kDa and 36 kDa

showed minimal activity, whereas the band at 45 kDa showed
high relative specific activity of 9.6 x 106 dpm for
polymerase-beta (Table 3.2).

This protein was subjected to

a second non-denaturing electrophoresis.

Following the

second gel, the result was a clear band of protein at about
45 kDa (Figure 3.5).
PURIFICATION SUMMARY
The purification data (Table 3.2) indicate that the
enzymatic activity of the polymerase identified as DNA
polymerase-beta increased significantly following
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Figure 3.4. Non-denaturing Polyacrylamide Gel Electrophoresis. Lanes contain
duplicate samples containing partially purified DNA polymerase-beta. Gels were
12.5 per cent polyacrylamide and were run at 30 mA for 45 minutes. Samples
loaded contained 15 microliters of enzyme and 5 microliters of loading buffer.
Marginal numbers indicate approximate molecular weights as indicated by
molecular markers (not shown) run with the samples. The arrow shows the
band containing polymerase-beta.
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Total
Volume

Protein
(mg/ml)

Enzyme
Activity

Specific
Activity

Purification
(fold)

Solubilized
protein

10 ml

3.56

3335.8

4.6 x10 4

1

Sephadex
G-75

20 ml

0.56

362.4

3.3 x10 5

7.04

DEAECellulose

34 ml

0.8

3210.2

2.0 x 10s

4.28

1629.1

9.6 x 106

204.4

(concentrate)

Electroeluted
PAGE
(45 kDa
band)

700jj.l

0.0085

Table 3.2. Purification Table for DNA Polymerase-Beta. Units of enzyme
activity are given in picomoles 3[H]dTTP incorporated per 10 minutes. Specific
activity is represented as the enzyme activity per milliliter of protein.
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Figure 3.5.

Non-denaturing Polyacrylamide Gel Electrophoresis. Gels were

12.5 per cent polyacrylamide and were run at 30 mA for 45 minutes. Samples
contained 15 microliters of enzyme and 5 microliters of loading buffer.

Marginal

numbers indicate molecular weights as indicated by markers (not shown) run
with the samples.
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purification steps involving the DEAE-cellulose column and
gel electrophoresis.

From a harvest of approximately 1200

grams fresh weight of soybean tissue, less than 8.5 x 10"3
mg/ml of enzyme was recovered.

Discussion
The evidence for the existence of a DNA polymerase-beta
in plants is from many sources, as this discussion will
indicate.

Experimental procedures were designed

specifically to isolate a low molecular weight enzyme with
characteristics of polymerase-beta from soybean tissue.
Furthermore, the activation and inhibition spectra of the
enzyme isolated from these plant tissues were in agreement
with spectra from DNA polymerase-beta derived from animal
tissues.

The plant polymerase isolated in this research

exhibited the characteristics indicative of an enzyme with a
similar three-dimensional structure to polymerase-beta from
animal tissues, sensitivity to proteolysis being one
indication.
The isolation procedures of this research were
constructed specifically to eliminate unwanted polymerases
and improve conditions for the presence of polymerase-beta.
The first measure was to use the hypocotyl region of the
dark-grown soybean seedlings.

The soybeans were not exposed

to light in order to lessen the abundance of polymerasegamma since that polymerase is primarily in chloroplast DNA.
By decreasing the seedlings' exposure to light, the number
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of chloroplast, and therefore the amount of chloroplast DNA
and polymerase-gamma, was also decreased.

It is also

logical that since the hypocotyl region, is the area in the
seedling where there is increased DNA replication, this
region is the location of the most DNA polymerases including
polymerase-beta, the least prevalent of all the replicative
enzymes.
Following homogenization in a buffer of basic pH which
included the protease inhibitor PMSF, the centrifugation was
designed to pellet unwanted cellular components and rupture
the nucleus. Subsequent centrifugation, following salting
out with a buffer containing ammonium sulfate, was designed
to pellet the precipitated soluble nuclear materials.

After

centrifugation, the pelleted proteins should have included
intact nuclear enzymes including polymerase-beta, which has
been shown to be more tightly bound to chromatin than
polymerase-alpha (D'Alessandro and Dunham 1980).

The

Sephadex G-75 column then separated the high molecular
weight proteins, including polymerases-alpha, -gamma,
-delta, and -epsilon.

After this step the elutant primarily

contained intact polymerase beta.
The enzymatic activity of DNA polymerase-beta was then
determined by an in vitro assay system specifically designed
to select for polymerase-beta using the following:

a basic
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buffering system (Tris-HCL, pH 8.8), an RNA-primed DNA
template, a stimulating salt (either KC1 or NaCl), the
divalent cation manganese, and, most important, a protease
inhibitor. The polymerase isolated was a low molecular
weight enzyme of about 45 kDa as shown with polyacrylamide
gel electrophoresis (Table 3.3).
Each of these requirements was necessary for the
isolation and identification of polymerase-beta.

For

example, only polymerases-beta and -gamma are capable of
utilizing an RNA-primed template.

The basic range of the

buffer was also a prerequisite for polymerase-beta, as well
as the enzyme's unique use of manganese as opposed to the
use of magnesium by polymerases-alpha, -gamma, and -delta.
One of the most convincing indications, however, of the
identity of the enzyme was the requirement of the addition
of a protease inhibitor.

Without the protease inhibitor in

the assay mixture, no enzyme activity was observed,
indicating that
proteolysis.

polymerase-beta is sensitive to

The structure of polymerase-beta isolated from

animals is characterized by a protease-sensitive region
(Figure 1.4).

The protease-sensitive area acts as a hinge

region for folding of the protein, as indicated earlier in
the introduction.

If the hinge region is degraded by

proteases, the enzyme breaks into two distinct fragments,
neither one of which is successful in polymerization or
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repair of the newly synthesized DNA strand (Kumar et al.
1990; Menge et al. 1995).
Even in the presence of protease inhibitors and with
quick freezing techniques at -70, 0, and 10° C, enzyme
preparations isolated from soybeans were extremely fragile.
Preparations older than three or four days were inactive and
thus not useful in determining the behavior or identity of
the enzyme.
In addition to providing a necessary component in
maintaining enzyme activity, the protease inhibitor also
provided indirect evidence that the enzyme is not an active
subunit of polymerase-alpha, -gamma or -delta, since
significant proteolysis of any of those enzymes is unlikely
in the presence of a protease inhibitor.

Even if a small

number of subunits had remained under those conditions,
following homogenization and centrifugation, the larger ones
were eliminated by the Sephadex G-75 column.

Furthermore,

there is no evidence that small active subunits are derived
from the proteolysis of polymerase-alpha (Fry 1983).

The

catalytically active subunit of this enzyme is 156 kDa;
subunits of 64, 61, 58, and 54 kDa are inactive and would
provide no interference with the enzymatic assay of
polymerase-beta (Fry 1983).

Polymerase-gamma from chick

embryos denatures into four 47 kDa subunits, each with
proportionally limited catalytic activity (Fry 1983) .

Since
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polymerase-gamma in its intact form constitutes a scant 1.0
to 5.0 per cent of total polymerase activity in growing
cells, subunit activity would account for only about one per
cent of total catalytic activity in the preparation.
Polymerase-delta also has subunits below 75 kDa; however,
polymerase-delta shows little activity in the absence of
PCNA, notably absent from the experimental protocol for
polymerase-beta isolation and assay and excluded by its high
molecular weight in the crude extract by the Sephadex G-75
column.

Also, polymerase-delta requires a different cation,

pH, and template to be enzymatically active (Fry 1983) .
Beyond the convincing evidence that polymerase-beta
accounts for the activity present in the in vitro
polymerase-beta assay, inhibitors and activators of the
polymerases provided support for the identity of the enzyme
that had been isolated.

The polymerase isolated from

soybean showed no inhibitory effects with the addition of
aphidicolin, a strong inhibitor of both polymerases-alpha
and -delta (Fry 1983).

Potassium chloride stimulated the

enzyme from soybeans, also providing good evidence that the
enzyme was polymerase-beta.

The findings with NEM were not

conclusive since, as previously stated, there are
differences in inhibition spectra with this compound even in
the animal kingdom.

NEM does not inhibit polymerase-beta in
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all animal systems.
inhibitory effect.

In some systems, it has absolutely no
The minor inhibitory effect, on the

order of ten per cent of this agent on the soybean isolate
should not be weighed heavily in determining the existence
or presence of polymerase-beta in plants.
As final evidence, the polyacrylamide gel
electrophoresis separated remaining proteins by their
molecular weight.

As expected, the gel showed a clear band

in the range of 45 kDa, the approximate weight of DNA
polymerase-beta isolated from animal sources.

Non-

denaturing polyacrylamide gel electrophoresis confirmed that
the protein was composed of one polypeptide.

Electroelution

and subsequent assays confirm that the protein located in
the 45 kDa band was enzymatically active in the in vitro
polymerase-beta assay system designed with NaCl, manganese
and RNA-primed DNA template.
Evolutionary forces have selected for the presence of
the DNA polymerases and for their specific functions.

Given

the fact that the polymerases-alpha and -gamma occur in both
plants and animals and function in similar ways and given
the fact that the polymerases as a group show strong
evolutionary conservation across both plant and animal
kingdoms, it seems logical to assume that the polymerases
were present relatively early in evolutionary history.

It
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would be highly unlikely that the different polymerases
evolved both their structural and functional similarities
through a process of convergent evolution.

Therefore, it

can be assumed that DNA replication functions are conserved
in both plants and animals and that each polymerase serves
each system in analogous manners.
The evidence derived from this research clearly
demonstrates that, in plants, there is a low molecular
weight polymerase with characteristics similar to animal
polymerase-beta and that this small polymerase resembles
animal polymerase-beta in both structure and function.
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